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an enzyme located in the inner membrane of the mitochondria (Bartoli et al., 2000) . This reaction requires cytochrome c as a second substrate that is reduced as L-GalL is converted into ascorbate (Oba et al., 1995) .
In addition to this pathway, alternative ascorbate biosynthesis pathways have been proposed in plants. Agius et al. (2003) showed that during the ripening phase of strawberry (Fragaria spp.) fruit, ascorbate is produced via the reduction of D-GalUA to L-galactonic acid, which in turn is spontaneously converted to L-galactono-lactone, the immediate precursor of ascorbate. However, this pathway shares the requirement of L-GalLDH activity as the terminal step in ascorbate synthesis. Ascorbate is known to be a vital physiological metabolite in plants for major plant biochemical processes such as photosynthesis (Smirnoff, 1996; Noctor and Foyer, 1998) , but also for controlling plant development as recently shown in root and other organs (Olmos et al., 2006) . To investigate the physiological function of L-GalLDH in plants, we analyzed the effect of L-GalLDH silencing on ascorbate metabolism and its consequences for plant development. Since fruit is one of the major sources of ascorbate for the human diet, this study was carried out in tomato (Solanum lycopersicum), the model plant for fleshy fruit development. We report here that SIGalLDH silencing profoundly affects plant and fruit growth, probably through the alteration of the mitochondrial function and related changes in ascorbate redox state, particularly in the apoplast. Transcriptome and metabolome analyses of P35S:S/gfl/Zdfem4/ transgenic lines further suggest that phenotypic changes can be attributed to the resulting modifications in secondary and primary metabolism.
RESULTS

Ascorbate and L-GalLDH Distribution in Tomato Plant
To extend our understanding of the role of ascorbate in plant growth, we analyzed its distribution in a wide range of tomato organs, including vegetative tissues such as young and mature leaf, stem and root, and reproductive tissues such as flower and fruit at several stages of development (Fig. 1, A and B) . In vegetative organs, ascorbate content varied according to the tissue, with high levels in the leaf (young and mature) and comparatively low levels in the root. In flower and fruit, the ascorbate content remained very low (1.7-2.3 /xmol per g fresh weight [FW]) compared to the leaf (6.8-7.9 /imol per g FW). The ascorbate concentration was constant throughout fruit development and comparable with the levels reported by Andrews et al. (2004) .
Since L-GalLDH catalyzes the terminal step of the major pathway of ascorbate biosynthesis in plants (Wheeler et al., 1998) (Fig. 2) , and no significant difference could distinguish the four transgenic lines on the basis of the expression/protein/activity data when statistical analysis was performed. Despite these strong effects, no remarkable variation could be observed in the total ascorbate content in young fully expanded leaves (6.75 ± 0.04 /unol per g FW) and 45 DPA red ripe fruits (1.82 ± 0.03 /xmol per g FW) in the lines 2, 5, 8, and 38. The capacity of the transgenic plants to maintain the pool of total ascorbate constant was confirmed for the leaves of the lines 5 and 8 (Fig. 3) . Leaves from the transgenic lines and controls accumulate ascorbate at similar rates when incubated with the ascorbate precursor L-GalL. Further investigations indicated that no viable plant with S/GalLDH activity below the threshold level of 15% was ever recovered among the P35S:SlgalldhRNAl transformants, suggesting the essentiality of this activity. Noctor and Foyer (1998) , and 10% to 15% of the apoplastic ascorbate was present as the reduced form. In the P35S:SlgalldhRNAi transgenic line 8 and line 5, the reduced ascorbate pool remained very low (85-121 nmol per g FW), as in the controls. This occurred despite the fact that the apoplastic total ascorbate content was decreased by about 50%, due to a reduction of the oxidized ascorbate pool ( Table I ).
Given that Millar et al. (2003) demonstrated that GalLDH activity is associated with the complex I of the mitochondrial electron transport chain and that it has been documented that respiration can control ascorbate synthesis in plants ( Bartoli et al., 2006) , intact leaf mitochondria were isolated to investigate respiratory parameters in the P35S:SlgalldhRNAl transgenics. When tricarboxylic acid (TCA) cycle substrates pyruvate and malate were used to drive the electron chain, as well as when electrons entered the chain via succinate dehydrogenase by the addition of succinate, the respiration rate in the transgenic line 5 and 8 was identical to the controls (Table II) . However, when external NADH dehydrogenases were engaged by addition of exogenous NADH, the respiration rate in P^Slgalldh™*1 transgenic line 8 was increased by 1.6-fold whereas that in P35S: SlgalldhRNAl transgenic line 5 was similar to the rate of control plant mitochondria. In the same order, a significant 2-fold activation of cyanide-insensitive (alternative oxidase) respiration that was inhibited by salicylhydroxamic acid (SHAM), was measured in mitochondria from P 35S:SlgalldhRNAi line 8. When no substrate, other than L-GalL, was used to introduce electrons flow to cytochrome c, the respiration rate in both transgenic lines was reduced to about 50% of that observed in mitochondria isolated from the control. Table II The difference in the respiratory activities in the different transgenic lines demonstrates that a threshold level of 50% must be exceeded for the reduction of GalLDH abundance to impact the mitochondrial electron transport chain.
Transgenic Plants with Reduced L-GalLDH Activity Display a Reduced Plant Growth Rate and Fruit Size
When Tl transgenic plants were grown in the greenhouse, it soon became apparent that the growth of the aerial parts was reduced compared with that of the controls. Detailed characterization of this effect revealed that the germination rate, the plant growth rate, the fruit weight, and the diameter were all reduced (Fig. 4) . When this experiment was replicated in a growth chamber with tightly controlled growth conditions similar results were obtained. To investigate how the reduction in S/GalLDH mRNA abundance, protein, and activity could affect plant growth and morphology in the transgenic plants, we conducted more detailed analyses of lines 2, 5, 8, and 38. Given the reduction in aerial yield in the P35S:SlgalldhRNAi transformants and the importance of ascorbate for the photosynthetic process, we next assessed to what extent the transgenic plants exhibited altered photosynthetic rates. The rate of CO2 assimilation was measured on fully expanded leaves of the transformant and control plants at incident irradiance of between 200 to 1,000 /imol m"2 s"1. At this light intensity range, the CO2 assimilation curve was linear and the calculated photosynthetic rate, 16.2 ± 0.8 nmol CO2 per timol photon, was invariant in transformants with respect to the controls. It is noteworthy that chlorophyll content was also unaltered (1.4 ± 0.2 mg chl per g FW).
In contrast, leaf size was strongly affected in the P35S:SZgfl//d/zRNAl transgenics, which resulted from a 25% reduction in leaflet area in the most strongly inhibited lines (Fig. 5, A and B) . Analysis of epidermal cell size indicated that this result does not stem from a reduction in cell number but rather from a reduction in cell size, which was also reduced by about 25% compared to that of the control (Fig. 5B) . Similar observations were made in fruit, which exhibited a cell size reduction of 15% to 22% in the transgenic lines 8 and 5, despite exhibiting an unaltered ripening period (45 d). The analysis of a cross section taken from the equatorial area of a red ripe fruit revealed that the transgenic lines produced fruits with a thinner pericarp. Given that it is very difficult to obtain suitable samples from red ripe fruit for histological analysis (Cheniclet et al., personal communication), we compared the thickness of the pericarp in fruits at 20 DPA, at which stage the fruits reached 85% of their final size. Cytological analysis revealed that the fruit pericarp thickness was significantly decreased in all lines (Fig. 5C ). Detailed comparisons indicated that this was a result of a cell size reduction in the pericarp rather than an alteration in the number of cell layers (Fig. 5D ). 
Functional Classification of Genes Expressed in Leaf and Ripening Fruit of P^iSlgalldh^^ Transgenic Lines
To investigate the possible contribution of changes in transcript expression triggered by the reduction in 
Changes in Metabolite Profiles in the P35S\Slgalldh™Ai Transgenic Lines
We next analyzed the relationship between the phenotypes of three P35S:SlgalldhRNAi lines (2, 8, and 38) and the changes in the redox state of ascorbate via a metabolomic approach. We analyzed the major pathways of primary plant metabolism by using an established gas chromatography-mass spectroscopy method (Fernie et al., 2004) . As would be expected, the metabolomic analyses confirmed the rank order of the lines, 5 and 8 being the most affected at the metabolic level (Supplemental Table S2 ). Furthermore, expanding leaves and orange fruits behaved inversely at the metabolic level ( Fig. 6 ; Supplemental Table S2 ). In leaves, metabolite analyses revealed a decrease in the levels of the major amino acids whereas some of them, Cys, Pro, Thr, and Val increased. In contrast, in orange fruit, the levels of amino acids were largely unaffected, with the exception of Val and Met that increased and of Pro that was reduced by half, significantly in the case of line 8 (Fig. 6 ). In leaves, the level of TCA cycle intermediates was significantly reduced, with the exception of succinate that displayed a slight but significant increase (Fig. 6) . Among other organic acids, threonic acid, which corresponds to a degradation product of the ascorbate turnover pathway, displayed an increase in all transformants, whereas the opposite was observed for the y-aminobutyric acid (GAB A) content. In orange fruits, the content of the TCA cycle intermediates was unchanged; however, the succinate content displayed an increase similar to that observed in the leaf. The most important change was for malate, which increased by up to 4.6-fold in line 8. Among the other organic acids, GABA accumulated up to 2.8-fold in fruit of line 8 whereas threonate was slightly reduced. Analysis of the leaf carbohydrate content revealed that the P35S:SlgalldhRNAl transgenic lines were characterized by increases in Fru and Sue, as well as other sugars linked to the cell wall metabolism like Ara, Gal, Man, Rha, and raffinose, which increased by up to 5-fold in line 8. Myoinositol increased significantly in both S/GalLDH lines. In fruit, the level of sugars was largely unaffected; however, the levels of some cell wall-related sugars and myoinositol were significantly reduced, whereas sorbitol and mannitol increased. Interestingly, GalUA, an intermediate of the alternative ascorbate biosynthesis pathway and a degradation product of the cell wall pectins during fruit ripening (Agius et al, 2003) decreased significantly in all transgenic plants. Among the other compounds analyzed, it is interesting to note that intermediates involved in membrane biogenesis like C16:0 and C18:0 fatty acids were increased (Supplemental Table S2 ).
DISCUSSION
The RNAi-reduced expression of S/GalLDH in tomato leads to plants with a residual L-GalLDH activity showing several defects in growth rate and organ size (Figs. 4 and 5 ). All these observations are consistent with the preferential localization of S/GalLDH transcripts in tissues actively engaged in cell division and/ or expansion such as root tips or floral meristem and young fruit, as well as the photosynthetic leaves (Fig. 1) 
S/GalLDH Activity Is Essential for Plant and Fruit Growth in Tomato
How the plant compensates for S/GalLDH reduction in the P35S:SlgalldhRNAl transgenic lines studied (Table I; Fig. 2 ), to maintain a pool of ascorbate similar to the controls, remains an open question. The most plausible explanation is that residual S/GalLDH activity is high enough in the transgenic lines we tested to sustain sufficient ascorbate biosynthesis. This is supported by the experiment of incubation with L-GalL (Fig. 3) showing that even in lines 5 and 8, in which the activity was severely affected, the ascorbate accumulation rate was maintained at the same level as that of control plants. However, we cannot rule out that the maintenance of the ascorbate pool is associated with a reduction of its turnover. The metabolic analysis of fruit from P35S:S/gfl//d/zRNAz lines gives some support to this hypothesis in that a significant decline in the content of threonate (Fig. 5) (Nelson et al.,  1998) . In Pxs.Slgalldh™*1 lines, the significant increase in myoinositol level in the leaf (Fig. 6 ; Supplemental Table S2 ) could, thus, be indicative of the function of this alternative pathway in vegetative organs.
Reduced S/GalLDH Expression May Affect Cell Growth by Modifying Mitochondrial-Related Energy Metabolism
Given the accepted role of ascorbate in photosynthesis, the hypothesis of an alteration in the photosynthetic capacity could have been anticipated in the P35S:SlgalldhRNAl lines. However, our results clearly indicate that the reduced organ growth in the P35S:SlgalldhRNAl lines does not result from an impaired photosynthesis, which was not affected in these plants despite the fact that more than 10 of the significantly up-regulated transcripts were directly related to photosynthesis (Table III) .
One of the most important metabolic consequences that could explain cell growth impairment in the leaf is the change of mitochondrial function, as shown by the alteration of the Kreb's cycle (Fig. 6 ) and respiration rate observed in the most affected line 8 (Table II) ., 2006) . Furthermore, the results presented here are comparable to those observed in the CMSII mutant of tobacco, which is deficient in complex I function, has a severely inhibited growth phenotype, and displayed constitutively high alternative oxidase activity associated in particular with high alternative NAD(P)H dehydrogenase activity (Dutilleul et al., 2003) . However, some divergences exist since the CMSII mutant was able to permanently adjust the cell redox homeostasis, which was not the case in the P35S:S/gfl/W/zRNAl lines, at least in the case of ascorbate. Interestingly, our results corroborate the work of Millar et al. (2003) who showed that respiration controls ascorbate synthesis in plants, particularly through a link between complex I and GalLDH protein. In the transgenic tomato plants described here, the reduction in S/GalLDH activity appears to directly affect the efficiency of the alternative respiratory pathway and consequently the mitochondrial function, with the combination of changes in ascorbate and respiration resulting in a consequent alteration of the cell growth processes. Since several enzymes of the Kreb's cycle are redox regulated (Balmer et al., 2004) , it is conceivable that any variation in the redox state of the plant may have additional effects on plant growth by modulating energy pathways.
Growth of P^iSlgalldh™*' Plants Is Adjusted through Changes in Transcript Expression and Metabolic Profiles
Very little is known about the exact mechanisms by which ascorbate regulates cell growth in plants (Smirnoff, 1996; Noctor and Foyer, 1998) . This is all the more complex since in P35S:SlgalldhR plants the vegetative and reproductive tissues behaved oppositely with regard to the ascorbate redox state in comparison to the controls (Table I) . Organ growth in plants depends on the processes of cell division and cell expansion that are separately controlled during development (Mizukami, 2001 ). In the P35S:SlgalldhRNAi transgenic plants, the cell division phase was not affected, since in the most severely affected line 8, the reduction in leaflet and fruit size was clearly related to changes in cell size and not in cell number (Fig.  5) . Our results are in contrast with the work carried out in BY-2 cells by Tabata et al. (2001) showing that GalLDH antisense transgenic cell lines displayed a 30% reduction of ascorbate content compared to the wild type, and significant changes of division and growth processes. This discrepancy can be attributed to the fact that BY-2 cells are undifferentiated plant material, in contrast to whole plants organs (Geelen and Inze, 2001 ). A putative mechanism by which ascorbate could influence cell enlargement has been proposed by Smirnoff (2000) . This hypothesis is based on the existence of an ascorbate redox cycle that could stimulate cell expansion through the extrusion of protons in the cell wall, in agreement with the acid growth theory (Rayle and Cleland, 1992) . Accordingly, it is tempting to suggest that the reduction in S/GalLDH activity in P 35S\SlgalldhRNAl transgenic plants has led to the reduction in plant cell size and this causes a change in apoplastic ascorbate (Table I) Negatively flagged spots were excluded from further analysis by giving them a zero weight value. Data were then normalized by the print-tip lowess method without background subtraction followed by the scale method to adjust the data between the slides. The correlation between the replicated spots was calculated (duplicateCorrelation function) and the linear model was fitted with the imFit function for each gene, using this correlation. Moderated t statistics and log odds of differential expression were computed (eBayes function) for the contrast of interest {P35S:SlgalldhRNAt transgenic line versus wild type) and for each gene. The calculated P values for this contrast were adjusted for multiple testing with the false discovery rate method. All analyses were performed using the default parameter setting of LIMMA.
In Situ Hybridization
To use SIGalLDH as a probe, riboprobes were synthesized from plasmids containing a 506 bp fragment of SIGalLDH cDNA obtained from tomato by PCR using GLDF1 and GLDR1 primers (Supplemental Table SI 
Ascorbic Acid Analysis
Ascorbate analyses were performed according to Leipner et al. (1997) . Between 0.5 and 1 g of frozen samples were homogenized in 2.5 mL of cold 3% (w/v) metaphosphoric acid and 2.5 mM EDTA. The homogenate was then centrifuged at 10,000g for 10 min at 4°C An aliquot of 200 /xL was incubated for 15 min at room temperature with 100 /xL of K2HPO4 (45%), and either 50 /iL of distilled water to measure the reduced ascorbate, or 50 fiL of homo-Cys (0.1%) to measure the total ascorbate. After the incubation, 500 /xL of citrate-P buffer (2 m, pH 2.3) were added. The j4524 was measured immediately after addition of 500 /iL 2,6-dichloroindophenol (0.008% w/v).
For measurement of apoplastic ascorbate content, the intercellular washing fluid (IWF) was prepared using a method similar to that described by Turcsanyi et al. (2000) . Leaflets of the fourth leaf (about 1 g) were washed in distilled water and were twice vacuum infiltrated (-70 kPa) for 3 min with 50 mL of 10 mM citrate buffer (pH 3.0) containing 100 mM KC1 to reach maximum infiltration of cellular air spaces. Leaflets were then carefully blotted dry, rolled, and inserted into a 5 mL tip placed over a preweighed centrifuge tube containing 50 /jlL of 5% (w/v) cold metaphosphoric acid. The IWF (about 100 /xL g"1 FW) was subsequently collected by centrifugation at l,200g for 10 min at 4°C and immediately used for ascorbate measurement. The time from the harvest of the leaf to the beginning of centrifugation was less than 10 min. Activity of Glc-6-P dehydrogenase (EC 1.1.1.49), an enzyme located in the cytoplasm and the chloroplast srroma, was absent in the IWF, indicating that IWF was not contaminated by intracellular sap. To measure de novo ascorbate biosynthesis in leaves, 10 to 20 g of leaflet were rapidly washed in distilled water, sliced in fine stripes, and incubated at 25°C under continuous light (200 /xmol photons m~2 s"1) in Murashige and Skoog medium buffered with 100 mM Tris-HCl (pH 8.0) in the presence of 25 mM gulono-l,4-lactone or galactono-l,4-lactone (approximately 200 mg tissue in 5 mL medium). In time course of the incubation, the tissues were wringed on paper and snap frozen in liquid N2, and stored at -80°C prior to ascorbate assay.
Determination of Levels of Other Metabolites
Samples of leaflets and orange fruit pericarp prepared as described above were used for metabolite extraction as described by Nunes-Nesi et al. (2005) . The level of all metabolites was quantified by gas chromatography-mass spectrometry exactly following the protocol described by Roessner et al. 
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